Abstract-Analysis of motor unit discharge can provide insight into the neural control of movement in healthy and pathological states, but it is typically completed in one muscle at a time. For some research investigations, it would be advantageous to study motor unit discharge from multiple muscles simultaneously. One such example is investigation of the flexion synergy, an abnormal muscle co-activation pattern in post-stroke individuals in which activation of shoulder abductors is involuntarily coupled with that of elbow and finger flexors. However, limitations in available technology have hindered the ability to efficiently extract motor unit discharge from multiple muscles simultaneously. In this study, we propose the use of high-density surface EMG decomposition from proximal and distal flexion synergy muscles (deltoid, biceps, wrist/finger flexors) in combination with an isometric joint torque recording device in individuals with chronic stroke. This innovative approach provides the ability to efficiently analyze both motor units and joint torques that have been simultaneously recorded from the shoulder, elbow, and fingers. In preliminary experiments, 3 stroke and 5 control participants generated shoulder abduction, elbow flexion, and finger flexion torques at 10, 20, 30 and 40% of maximum torque. Motor unit spike trains could be extracted from all muscles at each torque level. Mean motor unit firing rates were significantly lower in the stroke group than in the control group for all three muscles. Within the stroke group, wrist/finger flexor motor units had the lowest coefficient of variation. Additionally, modulation of mean firing rates across torque levels was significantly impaired in all three paretic muscles. The implications of these findings and overall impact of this approach are discussed.
I. INTRODUCTION Analysis of motor unit behavior in humans has the potential to provide a significant amount of information about the neural control of movement. This is particularly true for tasks requiring the coordinated activation of multiple muscles. For example, proximal and distal muscles in the arm serve different roles during reaching movements, with proximal muscles providing sustained postural support for the distal muscles, which provide fine motor control. Additionally, different neural strategies may be used in proximal and distal muscles to increase muscle force [1] , and the muscles are presumably driven differently by cortical and brainstem pathways. Time and frequency-domain analyses of motor unit discharge can be used to clarify these neural strategies and to characterize synaptic input to proximal vs. distal motoneuron pools. However, limitations in available technology have hindered the ability to simultaneously record motor unit discharge from multiple muscles.
Acquiring and analyzing motor unit discharge from even one muscle can be more difficult and time consuming than acquisition and analysis of traditional surface EMG, and it typically requires intramuscular placement of fine-wire electrodes using a needle. Therefore, recording from multiple muscles simultaneously presents an additional logistical challenge. Advances in intramuscular decomposition algorithms [2] have improved the process by allowing semiautomatic motor unit extraction from the electromyogram (EMG), and they have enabled the acquisition of motor units at higher levels of muscle contraction. However, the method remains time consuming due to the amount of manual processing involved (up to 4 hours per 20 sec. of data) [3] .
Recently developed high-density surface EMG decomposition techniques have improved upon previous methods, because they can automatically extract motor unit discharge and are non-invasive [3, 4] . The greatly improved efficiency of this approach increases the feasibility of acquiring motor unit discharge from multiple muscles simultaneously. As a result, scientific questions involving the control of motor units during multi-joint activation can now be addressed.
One application in which investigation of both proximal and distal muscles is crucial is in paretic upper extremity motor function of individuals with chronic hemiparetic stroke. Of the many biomechanical and neurological deficits that impede upper extremity movement following stroke, the emergence of abnormal muscle co-activation patterns may be the most functionally limiting, because these patterns reduce the capacity to independently control the shoulder, elbow, wrist, and finger joints.
The most prominent abnormal muscle co-activation pattern, described clinically as the flexion synergy [5] , produces shoulder abduction coupled with elbow, wrist, and finger flexion, and it has been quantified extensively in static and dynamic paradigms, e.g., [6] [7] [8] [9] as those originating from the brainstem, play in flexion synergy manifestation. In this study, we propose a method combining highdensity surface EMG decomposition with an isometric joint torque recording device. This innovative approach will provide the ability to efficiently analyze motor units and joint torques collected from three muscles and joints simultaneously during the generation of volitional shoulder abduction, elbow flexion or finger flexion torques.
II. METHODS

A. Participants
Three individuals with chronic hemiparetic stroke (mean ± SD age: 62 ± 5 years; time post-stroke: 6.5, 26.6, 17.0 years; 2 males, 1 female) and five neurologically intact individuals (mean ± SD age: 54 ± 11 years; 3 males, 2 females) completed the study. All post-stroke participants had severe upper limb impairment according to the upper limb Fugl-Meyer Motor Assessment [10] (scores of 24, 20, and 19 out of 66 possible) and the hand portion of the Chedoke-McMaster Stroke Assessment [11] (scores of 3, 3, and 2 out of 7 possible). All participants gave informed consent for participation in the study, which was approved by the Institutional Review Board of Northwestern University.
B. Experimental Apparatus
The experimental protocol was conducted in a testing device capable of measuring isometric shoulder, elbow, wrist, and finger (metacarpophalangeal) joint torques in multiple degrees of freedom simultaneously, which has been described previously [12] (Fig. 1 ). Participants were seated in an experimental chair with shoulder/waist restraints to prevent shoulder girdle and trunk motion. The tested forearm was placed in a fiberglass cast to rigidly interface the arm with a six degree-of-freedom load cell (JR3, Inc.). The arm was positioned in 75° shoulder abduction, 40° horizontal adduction, 90° elbow flexion, 15° pronation and 0° wrist and finger flexion/extension. Paretic fingers were positioned at 15° finger flexion to accommodate range of motion restrictions. A computer monitor displayed real-time visual feedback of joint torque data.
Surface EMG was recorded in bipolar fashion from grids of 64 electrodes with 8 mm inter-electrode distance (OT Bioelettronica) placed on the anterior deltoid (DELT), biceps brachii (BIC), and wrist/finger flexor (WFF) muscle bellies. The signals were amplified (x1k -10k), band-pass filtered (10-500 Hz), and sampled at 2048 Hz (EMG-USB2, OT Bioelettronica).
C. Protocol
Each participant's maximum voluntary torques (MVTs) were measured during separate isometric torque generation in shoulder abduction (SABD), elbow flexion (EF), and finger flexion (FF) directions. Directions were randomized, and trials within a direction were repeated until three trials with peak torque within 85% of the maximum torque value were obtained, without the last trial producing the largest torque. Participants were given vigorous verbal encouragement throughout MVT trials. Visual feedback of the intended torque direction was given for all MVTs.
Participants generated submaximal torque at each of four levels (10, 20, 30 , and 40% MVT) for each of the three directions (SABD, EF, and FF). The order of directions and torque levels were randomized. Visual feedback displayed real-time torque generation in the desired degree of freedom. Participants were instructed to move directly to the targeted torque level and to hold the contraction for 25-30 seconds. Up to four trials were completed for each condition. Data presented are a convenience sample from other ongoing experiments, and as such, not all trials were collected for all participants.
D. Data Analysis
Surface EMG channels were visually inspected and any channels with significant artifacts were discarded. Remaining channels were decomposed into motor unit spike trains with the Convolution Kernel Compensation (CKC) technique [13] , which has been previously validated [3] . Each obtained motor unit spike train was analyzed and checked for quality according to the following parameters: The first and last two seconds of discharge were omitted from analysis to isolate steady firing of the motor unit while the target torque was held, removing phases of motor unit recruitment and derecruitment. Inter-spike intervals (ISI) were calculated as the difference between consecutive discharge times, and discharges with ISI less than 33 ms and greater than 250 ms were omitted [14] . The percent coefficient of variation (COV) was calculated as the standard deviation of the ISIs divided by the mean ISI multiplied by 100. Only units with COV values less than 30% were used for further analysis [3] . The instantaneous firing rate was calculated as the reciprocal of the ISI and averaged across each spike train to determine the mean firing rate. In addition, the normalized torque during the steady firing of each motor unit was isolated.
For each muscle, unpaired t-tests were used to compare group mean firing rates and COV between stroke and control groups. An ANCOVA was used to test compare linear regression slopes and intercepts between stroke and control groups. F-tests were used to determine whether individual linear regression slopes were different than zero. Two oneway ANOVAs were used to examine differences among DELT, BIC, and FF muscles within the stroke and control groups. If a significant difference among the muscles was found, the individual means were compared using an unpaired t-test and the Bonferroni correction for multiple comparisons. III. RESULTS Table 1 displays the yield of decomposed motor units for DELT, BIC, and WFF during generation of 10, 20, 30, and 40% MVT. Yield is shown per participant from the best trial per condition. A total of 478 motor units were decomposed across these 71 trials. This is a substantial increase in yield compared with typical studies in the literature, which vary widely but often include 20-40 motor units in total (e.g., [15] ). The WFF demonstrated consistently higher yield across participants and torque levels compared with the DELT and BIC. For many participants and muscles, motor units could be extracted during torque generation up to 40% MVT without appreciable degradation in yield.
Of the six participants for whom both DELT and BIC data were available (three stroke and three control), four participants had consistently better motor unit yield for the BIC than the DELT. The remaining two had consistently better motor unit yield for the DELT than the BIC. For one participant with stroke, no motor units of acceptable quality could be obtained from the DELT. Fig. 2 displays sample data from one SABD trial at 40% MVT from one stroke participant (top panel) and one control participant (bottom panel). Motor unit instantaneous firing rates from DELT, BIC, and WFF muscles and joint torques from the shoulder, elbow, and fingers are shown. In addition to the intended 40% MVT SABD torque, the stroke participant also produced torques at the elbow and fingers, generating approximately 50% MVT EF torque and 15% MVT FF torque, consistent with previous reports quantifying flexion synergy expression at the elbow and fingers [6, 8] . Additionally, self-sustained firing of WFF motor units can be seen following the cessation of torque generation [16, 17] . The control participant produced a smaller amount of EF torque, generating approximately 20% MVT. There was only slight FE torque generated at the fingers, but many motor units could be identified in the co-contracting WFF muscles. Fig. 3 shows the group mean motor unit firing rates and group mean COV for each muscle (i.e., mean firing rate and COV from each motor unit, averaged across all motor units and torque levels). Group mean firing rates in the stroke group were significantly lower than the control group in all three muscles (DELT: 10.7 vs. 13.3 pulses per second (pps), p = 0.0007; BIC: 10.4 vs. 13.2 pps, p < 0.0001; WFF: 8.5 vs. 13.0 pps, p < 0.0001). The difference in group mean rates between stroke and control groups was similar in DELT (2.6 pps) and BIC (2.8 pps) but was larger in WFF (4.5 pps).
The group mean COV for WFF was significantly lower in the stroke group than in the control group (15.9 vs. 19.9%, p < 0.0001). The group mean COVs for DELT and BIC were not different between stroke and control (DELT: 21.1 vs. 19.0%, p = 0.12; BIC: 18.1 vs. 17.1%, p = 0.37).
Within the stroke group, there was a significant difference in the group mean firing rates among muscles (p < 0.0001). Post-hoc comparisons revealed significant differences between DELT and WFF (p < 0.0001) and between BIC and WFF (p < 0.0001). There was no difference in group mean firing rates among muscles in the control group (p = 0.67). Fig. 4 shows the mean firing rates of individual motor units (for all motor units represented in Table 1 ), plotted as a function of the corresponding mean torque level. Linear regression lines and equations are shown to demonstrate how motor unit firing rates are modulated across torque level. The 3 . Group mean firing rates (FRs) and coefficients of variation (COV) of each muscle for stroke and control groups across all motor units and torque levels are shown with 95% confidence intervals. Group mean FRs were lower in the stroke group for all muscles, and group mean COV was lower in the stroke group for WFF (***/**** indicate p < 0.001/p < 0.0001). In the stroke group, mean FRs were lower for WFF than for DELT or BIC (++++ indicates p < 0.0001).
slopes of all linear regression lines were significantly different from zero for the control group but none were significantly different for the stroke group. Comparing slopes between stroke and control groups for each muscle, there were significant differences in BIC and FF muscles but not DELT (DELT: p = 0.177; BIC: p = 0.010; FF: p = 0.017). However, the intercept was significantly different between groups for DELT (p = 0.0001).
IV. DISCUSSION This study proposes the use of high-density surface EMG decomposition in combination with an isometric joint torque recording device to enable the simultaneous measurement of motor unit discharges from the three primary flexion synergy muscles (DELT, BIC, WFF) along with joint torques generated at the shoulder, elbow, and fingers in the paretic upper limb of individuals post-stroke.
Preliminary results from three individuals with stroke and five healthy control individuals demonstrate the feasibility, efficiency, and increased yield of this approach in both populations. The increased efficiency will be particularly useful for analyses requiring large amounts of data (e.g., 60 to 90 sec), such as estimation of coherence. Increased motor unit yield allows for construction of a cumulative motor unit spike train (CST) which, if containing a sufficient number of motor units, provides a faithful estimate of the behavior of the entire motor unit population in a given motor pool [18] . Analysis of a CST is advantageous compared to analysis of single or paired motor units, because the CST more accurately reflect the common synaptic input to the motor pool [18] . To further increase motor unit yield, this approach can be combined with intramuscular recordings to isolate additional motor units from deeper portions of the muscle [3] . Additionally, the number of muscles that can be recorded from simultaneously with this approach is bounded by the number of data acquisition channels available, which is currently 256. Although the preliminary results presented here demonstrate simultaneous recording from three muscles of the flexion synergy, it is currently possible to record from a total of four muscles (with 64 channels per muscle).
The approach presented in this study has the ability to provide rich data for many types of motor unit analyses in both healthy and pathological populations. For example, cross-correlation and coherence analyses, which can provide insight into the structure and function of synaptic inputs to a motoneuron pool, provide information with which to speculate about the descending pathways that may be involved [19] . These analyses are typically performed within a given muscle, but with the availability of simultaneous motor units recordings from multiple muscles, we plan to extend these techniques to investigate whether crosscorrelation and coherence between muscles of the flexion synergy may explain their manifestation.
Results from this study demonstrate decreased firing rates and lack of rate modulation in the stroke group that are consistent with previous reports from biceps brachii [20, 21] and tibialis anterior [22, 23] . Interestingly, the current findings also demonstrate differences in motor unit behavior in proximal (DELT, BIC) vs. distal muscles (WFF), underscoring the need to examine motor unit behavior in a variety of muscles. The group mean firing rates in the stroke group were lower for distal motor units than for proximal motor units. Accordingly, the difference in group mean firing rates between stroke and control groups was largest for distal motor units, as was the difference in group mean COV.
The physiological mechanisms underlying the impaired rate modulation in the stroke group are not fully clear. Changes in descending drive to the motor pool occur following stroke, likely including both synaptic and neuromodulatory inputs. A change in these inputs could alter intrinsic motoneuron properties, potentially leading to dramatic increases in motoneuron excitability and/or changes in firing behavior [24] . Additionally, rate modulation could be impaired due to a combination of excitation and co-active inhibition to the motoneuron pool [20, 25] . The decrease in COV in distal motor units may suggest decreased synaptic noise due to stroke-induced loss of descending drive from corticospinal pathways. This would preferentially impact distal muscles, because they have a much higher proportion of corticospinal innervation than proximal muscles.
Future directions include developing the ability to track individual motor units over different contractions and implementing a recently introduced metric to assess accuracy of motor units identified using the CKC technique [26] . ACKNOWLEDGMENT The authors wish to thank Jessica Wilson, B.S. for assistance with participant recruitment and data collection.
